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Methods that allow tCle detection and 
verification of genetic relations& among 
organisms studied in the field Crave long 
been sought 6y workers in evolutionary 
6iology. Since its inception just four years 
ago, DNA fingerprinting has already 
begun to fulfil its promise as a widely 
applicable solution to this pro6lem. Here, 
recent progress witfi fingerprinting is dis- 
cussed in the context of some other DNA 
techniques. In particular, the use of mol- 
ecular methods is revolutionizing the study 
of mating systems. 
DNA Fingerprinting and Other 
Methods for the Study of Mating 
Ecological and evolutionary biol- 
ogists often endeavour to deter- 
mine genetic relationships and 
mating patterns among individual 
organisms studied in the field. For 
example, in a previous issue of 
TREE Birkhead described how 
males of bird species considered to 
be monogamous may frequently 
copulate with females other than 
their own mate (extrabond copu- 
lations)‘. If such behaviour is adapt- 
ive, extrabond copulations should 
have a chance of leading to suc- 
cessful fertilization, and they could 
therefore affect substantially the 
reproductive success of males. 
Measures of a male’s reproductive 
performance obtained by counting 
offspring in nests may be too low if 
a male’s extrabond copulations are 
successful, or too high if he is a 
victim of this behaviour by other 
males. 
In lekking species, where males 
provide no parental care, we would 
ideally like to be able to test sexual 
selection theory by comparing the 
fitness of different male pheno- 
types and behaviours. Until recent- 
ly, the only component of fitness 
that it has been possible to com- 
pare is the number of observed 
matings achieved by each male, 
but this may be misleading as the 
number of successful fertilizations 
may be substantially different. In 
such cases we wish to be able 
to identify the true fathers of 
individual offspring. 
The reproductive success of 
females as well as males might be 
positively or negatively affected 
by intraspecific brood parasitism, 
a behaviour recorded in many 
species (in which a female lays an 
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egg in the nest of a conspecific). 
Brood parasitism may sometimes 
be detectable through the appear- 
ance of an unexpected additional 
or distinctive egg in a nest, but such 
observations may be confounded 
by parasitic females that remove an 
egg when laying their owtW. 
Heritability analyses - which are 
of increasing interest to behav- 
ioural ecologists4 - and estimates 
of effective population size may 
also be confounded by the misallo- 
cation of offspring to parents. There 
has therefore been a longstanding 
need for methods that allow us to 
determine true biological relation- 
ships. 
Genetic markers 
There have been several 
attempts to use genetically poly- 
morphic markers to verify true bio- 
logical relationships and mating 
systems. Though some studies on 
wild populations have used mor- 
phological or chromosomal charac- 
teristics under simple genetic con- 
trol (e.g. colour polymorphisms 
in Cepaea nemoralis snails5, platy- 
fish Xiphophorus maculatus6, and 
lesser snow geese Chen c. 
caerulescens7; chromosomal inver- 
sions in Drosophila8), most have 
used biochemical polymorphisms 
detected by starch gel elec- 
trophoresis (e.g. Refs 9, 10 and I1 I. 
Genetic methods have most 
often been applied to tests of 
paternity, since true mothers are 
often known or assumed. However, 
precise data have been difficult to 
obtain, even in those studies using 
electrophoresis in which many 
polymorphic genetic systems were 
available. If an incorrectly assigned 
male is to be detected, he has to 
have a genotype that is inconsis- 
tent with the female-offspring com- 
bination. In electrophoretic studies, 
the mean probability of detecting 
the misassignment of a male (the 
exclusion probability)12 was typi- 
cally in the range 0.4-0.7, and so the 
corresponding probability of non- 
detection (the inclusion probability 
= I - exclusion probability) was 
still usually too large to allow true 
fathers to be detected with a high 
level of certainty. In just a few 
studies of wild populations, the 
number of possible fathers in each 
breeding group has on occasion 
been sufficiently small to allow 
paternity to be inferred by a pro- 
cess of elimination of all the non- 
fathers13v14. 
There has therefore been a need 
for methods that produce a much 
larger exclusion probability. This 
probability is a function of the num- 
ber of polymorphic loci examined 
and the number and frequencies of 
alleles detected at those loci. The 
use of protein polymorphisms has 
proved inadequate because the 
number of storable polymorphic 
loci has usually been insufficient to 
compensate for the relatively low 
number of alleles, and low hetero- 
zygosity, at those loci. It is now 
apparent that the methods of DNA 
analysis that have been developed 
during recent years will often pro- 
vide an alternative and successful 
solution to the problem of detect- 
ing more genetic variability. 
. 
DNA methods 
Four different classes of variable 
DNA sequence have been used in 
the study of mating behaviour: 
random restriction fragment length 
polymorphisms (RFLPs), mini- 
satellite DNAs (detected as DNA 
fingerprints), sex-linked sequences 
and mitochondrial DNA. The ran- 
dom RFLP and DNA fingerprinting 
methods are the most generally 
applicable, and both have been 
used first in field studies of birds. 
This partly reflects the frequent 
choice of birds for population bio- 
logical research, but birds are also 
especially convenient subjects be- 
cause avian erythrocytes are nu- 
cleated (unlike those of mammals) 
and a very small drop of blood 
therefore provides an adequate 
quantity of DNA15~16. 
The random RFLP method, ap- 
plied to the detection of non-kin 
in the lesser snow goose17-‘9, in- 
volves the specific detection of 
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T he procedures for DNA fingerprinting and RFLP analysis share many features. 
An individual’s DNA is isolated (A) from a 
tissue sample (e.g. mammalian leucocytes 
or avian erythrocytes) and cleaved with a 
restriction endonuclease that cuts the 
molecules at each position. containing a 
specific short sequence of nucleotides (B). 
The resulting fragments are separated 
according to size by gel electrophoresis (0. 
Once separated, the double-stranded DNA 
fragments are denatured into their compo- 
nent single strands and permanently trans- 
ferred to a nylon or nitrocellulose filter 
membrane by Southern blotting (D). Specific 
regions of the DNA are then detected and 
characterized by using a previously cloned 
DNA sequence as a probe (El and E2). 
The probe DNA is radioactively labelled 
(Fl, denatured into single strands, and then 
bound (hybridized) in solution to those re- 
striction fragments on the membrane that 
contain complementary sequences (G). 
These restriction fragments are finally re- 
vealed as bands on an autoradiograph (I), by 
exposing it to the hybridized filter (H). 
number of componc 
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If the sequence containing a restriction endonuclease recognition sequence differs among individuals, 
then when this restriction site (J) is absent one large fragment will be detected instead of two smaller 
ones. Several such sites may vary within the region detected by the probe. This variability is described as 
a restriction fragment length polymorphism (RFLP). In addition to the variability at restriction sites, 
RFLPs may also arise due to the variability in length between sites that can be produced by the insertion 
or deletion of DNA sequences. In a study of lesser snow geese by Quinn and colleagues, the probe DNAs 
were obtained by cloning random pieces of those DNA sequences present in the genome in only a single 
copy The choice of restriction enzymes used in the search for RFLPs affects the number and relative variability 
of RFLPs that are detected. The enzymes used in this study included two Vu91 and MspI) that contain the 
relatively mutable CpG dinucleotide in their recognition sequences, and this helped these workers to find 
several particularly variable - and therefore useful - RFLPs. 
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RFLP analysis and DNA fingerprinting 
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DNA fingerprints showing multiple paternity among the four offspring of a 
polyandrous trio in the dunnock (Prunella modularis). 
Paternal-specific bands indicate that the P-male sired D, E ,md F, while the a-male sired G. Only a 
<mall fraction of the minisatellite DNA fragments, in this case only those larger than 2.3 kb, are 
inalysed (left). 
In the interpretation of the fingerprints (right), diagnostic bands specific to each adult, and the 
parent of origin for bands in offspring, are indicated with coloured lines: 
F- $ a- + - 
Solid black lines indicate bands oi apparently similar mobility in any two of the adults, and in the 
Dffspring they indicate bands that could be from either parent. 
Srey lines indicate bands where scoring in at least one adult is confounded by an intense band 
nearby, and in offspring they indicate that at least one parent has the band. 
Diagnostic bands are used for initial assignment of chicks to males, then all other bands are checked 
for their presence in the assigned adults. The mean probability of a male other than the father 
zontaining all the paternal bands is very small (40 -6). 
Fingerprints reproduced with permission from Nature. 
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polymorphisms at one locus at a 
time. The alternative approach, 
DNA fingerprinting, simultaneously 
detects polymorphisms at multiple 
loci, and has been applied in par- 
ticular to the analysis of paternity 
in the house sparrow (Passer 
domesticus)‘5~20, dunnock (Prunella 
modularis)*’ and long-finned pilot 
whale (Globicephala bakenaP. 
Though the two methods detect 
distinct classes of DNA sequence, 
they use closely related technol- 
ogy. Both methods are described 
in the accompanying centre-page 
diagram. 
The locus-specific RFLP and 
multilocus DNA fingerprinting ap- 
proaches each have their own ad- 
vantages and disadvantages. The 
main advantage of fingerprinting is 
that the available probes can be 
applied to many diverse species, 
whereas at least 80% of random 
RFLP probes (in birdsI probably 
derive from non-coding unique se- 
quences which are unlikely to be 
conserved among species. Isolating 
suitable probes therefore requires 
a large initial investment. Locus- 
specific analysis is technically 
slightly easier than fingerprinting, 
but many probes have to be used 
in combination to obtain a useful 
exclusion probability, and this pro- 
longs the analysis. However, where 
there are difficulties in obtaining 
large families for evaluating finger- 
printing systems (see below), the 
locus-specific approach offers the 
advantage that allele frequencies 
and disequilibria can be measured 
by pooling data from different indi- 
viduals and families. The RFLP 
method has been described in de- 
tail elsewhere (Ref. 17, and see 
centre-page diagram). 
DNA fingerprinting 
A ‘minisatellite’ (also known as a 
hypervariable region, HVR, or a 
variable number tandem repeat 
locus, VNTR) is a DNA sequence 
(usually less than 20 000 base pairs) 
comprising multiple copies of a 
short sequence (‘tandem repeat 
unit’) of typically less than 65 base 
pairs. A minisatellite’s organization 
is therefore similar to that of ‘satel- 
lite’ DNA, which also consists of 
multiple repeat sequences but on a 
much more extensive scale. Satel- 
lite DNAs are non-coding and so, 
presumably, are most minisatel- 
lites, though two are known to form 
parts of coding sequences*3,*4. 
The key advance that led to the 
development of DNA fingerprinting 
came when, in the course of an 
analysis of the human myoglobin 
gene, Alec Jeffreys and colleagues 
discovered a new family of mini- 
satellite sequences that had in 
common a ‘core’ sequence of about 
I2 nucleotides25J6. They showed 
that those minisatellites that con- 
sisted of multiple repeats of this 
core sequence could be used as 
probes to detect simultaneously 
the hypervariable minisatellites at 
many separate loci (see centre- 
page diagram). The theoretical 
probability of the same set of DNA 
fragments being detected in two 
humans is so small that every 
human except identical twins is ex- 
pected to have a unique pattern, 
and the pattern of bands obtained 
on an autoradiograph is therefore 
described by analogy as a DNA 
‘fingerprint’25827. Two slightly differ- 
ent poly-core probes, 33.6 and 
33.15, were found which could each 
be used to obtain distinct finger- 
prints25f27. 
Individual minisatellite loci are 
considered ‘hypervariable’ be- 
dause they include the most poly- 
morphic sequences ever detected. 
The hypervariability is the result of 
a high mutation rate for the loss or 
gain of repeat units. At the most 
variable locus*8 a sample of 79 hu- 
mans was found to have at least 77 
different alleles, with an estimated 
heterozygosity of 97% and mutation 
rate of 0.003 per gamete*g. We know 
little about the evolution of these 
minisatellites, though similarity be- 
tween the core sequence and the 
chi cross-over initiator site in E. co/i 
suggests that the core may play a 
role in a recombination process 
that leads to frequent length 
mutations25. 
Other probes have since been 
discovered that can also detect 
highly variable complex banding 
patterns3s3*, and at least one of 
these has been shown to detect 
individual-specific fingerprints30. in 
order to prove that fingerprints are 
individual-specific it is necessary to 
show that a large proportion of the 
detected minisatellites are in link- 
age equilibrium. In practical terms, 
this means showing that they are 
inherited independently and that 
they therefore belong to unlinked 
loci. Proving a familial relationship 
also relies upon the assumption 
of independence among bands 
(though the exclusion of parentage 
may still be possible). 
The simplest way to demonstrate 
independence is to analyse the 
segregation of bands in a large fam- 
ily (typically two parents with ten or 
more offspring). This analysis has 
so far been carried out in only a ’ 
small number of animal species 
(human30#33, dog34, cat34, mouse35, 
house sparrow’5.36 and dunnock*’ I 
and, in all cases except one30, only 
with the probes discovered by 
Jeffreys. In all of these species ex- 
cept the mouse the bands were 
found to be predominantly inde- 
pendent. The probability of the 
false inclusion of non-relatives as 
fathers by using two core probes is 
typicallyl5.*1,33.34 in the range IO-* 
to IO-+! a single core probe is 
often adequate and close relatives 
can usually also be excluded37. 
In the mouse, although there is a 
high degree of variability among 
inbred strains, large numbers of 
minisatellite fragments (d 10) were 
found to be co-inherited and, 
therefore, closely linked35. This re- 
sult emphasizes the importance of 
carrying out an evaluation of each 
restriction enzyme/probe combi- 
nation prior to its application to 
studies of relatedness. This evalu- 
ation should first include the com- 
parison of different enzyme/probe 
combinations to find those that 
produce the most potentially in- 
formative combinations of resolv- 
able bands and the degree of 
band sharing among random 
individual@. 
Applications 
There is evidence that mini- 
satellite probes detect variable 
complex band patterns in a wide 
range of vertebrate species15f26, 
and even in plants39040, but it re- 
mains to be seen whether at least 
one system can always be found 
that is informative for testing re- 
lationships. [n view of the finding in 
the one plant species investigated 
in detail - rice - that minisatellites 
detected by human-derived probes 
are dispersed in the genome39, the 
signs that such probes will have 
very wide applicability are promis- 
ing. Whether the fingerprinting sys- 
tem will provide sufficient statisti- 
cal power will, however, depend 
very much on the precise questions 
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and the parameters of the system 
(numbers of bands, degrees of 
band sharing and independence). 
In particular, we do not yet know 
whether relationships will be easily 
resolved in situations where dis- 
persal is low and populations are 
relatively inbred. 
Apart from individual identifi- 
cation for forensic analysis26, the 
identification of identical twins26, 
monitoring bone marrow trans- 
plants*6 and studies of turnours?‘, 
DNA fingerprinting has so far 
mainly been applied to the analy- 
sis of paternityr5~20-22~37~42 even, on 
occasion, in the absence of a 
sample from the father (partial 
paternal fingerprints can be inferred 
from mother4fspring comparisons, 
and the paternity of siblings com- 
pared43). Paternity analysis is sim- 
plest when the assumption can be 
made that the mother is correctly 
identifieds7, and this can first be 
testedl5JlB43. Mutations are com- 
mon at hypervariable minisatellite 
loci29 and it is therefore necessary 
to allow for this in the 
analysis15~21.37. 
One of the first population 
studies to use DNA fingerprinting 
was concerned with the relation- 
ship of mating and parental care 
behaviours to paternity in the 
dunnock*l. This species has a re- 
markably flexible mating system. 
Polyandry (where a female shares a 
territory with two males) is the most 
commonly observed system. The 
two males have a dominance re- 
lationship (alpha male is dominant 
to beta male), and either or both 
may help to feed the female’s 
brood. DNA fingerprinting showed 
that a male was much more likely to 
feed the brood if he had sired 
some of the nestlings (Table I), 
though he showed no preference 
for, and presumably could not 
identify, his own offspring. A beta 
male was also more likely to feed a 
brood if he had had some exclusive 
access to the female during the 
fertile pre-laying period, and his 
proportion of the male-supplied 
feeds was related significantly to 
his proportion of exclusive access. 
As exclusive access was a good pre- 
dictor of paternity (Table I I, it was 
suggested that male dunnocks use 
their access to the female to deter- 
mine whether to feed the brood. 
DNA fingerprinting is certainly a 
powerful method for paternity test- 
Table I. Association between paternity (as ascertained by DNA fingerprinting), feeding of nestlings and 
exclusive access to the female during the mating period for polyandrous beta male dunno&@. 
Beta male’s Behavioural observations 
paternity 
Male fed Male did not Male had some Male had no 
young feed young exclusive access exclusive access 
to female to female 
Broods where he 14 3 IO 0 
had paternity 
Broods where he 4 8 2 6 
had no paternity 
P = 0.01 lb P= 0.005" 
a Where both alpha and beta males had had some exclusive access, the mean paternity split 
was 55% alpha : 45% beta. Data from Ref. 21. 
b Fisher’s exact probability test. 
ing, but rather less so for obtaining 
measures of relatedness per se. 
The proportion of bands shared by 
individuals is on average higher 
than their coefficient of related- 
ness because even unrelated pairs 
of individuals will share many 
bands (usually IO-30%). The num- 
ber of informative bands typically 
obtained and the expected 
variance of band sharing together 
suggest that only very close rela- 
tives (first or second order) are 
likely to be identifiable, and that 
their precise relationship may not 
be resolvable38 (note that in any 
case, for example, brother-brother 
and father-son will on average have 
the same coefficient of related- 
ness). The comparison of mean 
within-group relatedness may, how- 
ever, be possible where groups 
contain close relatives or genetic 
variability is low for some other 
reason. 
Sex-linked and mitochondrial DNA 
The two other kinds of DNA 
analysis that have provided data 
concerning mating behaviour have 
rather more specialized applica- 
tions. One of these has involved 
the use of the extensive variability 
present in the ribosomal RNA gene 
family located on Drosophila mela- 
nogaster Y chromosomes to detect 
multiple mating in a wild popu- 
lation of that speciesd4. The differ- 
ent sets of restriction fragments de- 
tected with a ribosomal DNA probe 
provided Y-chromosome markers, 
and each marker found in a brood 
fertilized in the wild must have 
originated from a different parental 
male. However, as in earlier studies 
using chromosome or isozyme 
analysis, only a minimal estimate of 
the number of male mates could be 
obtained. 
The other approach involves the 
analysis of mitochondrial DNA, and 
is relevant to some situations 
where the verification of female 
parentage is of interest. Mitochon- 
drial DNA is maternally and, there- 
fore, clonally inherited and often 
evolves rapidly relative to genomic 
sequences, so that diagnostic types 
can often be detected in closely 
related species (see Harrison’s re- 
cent review in 7XEE45). It has been 
used to discover the sexes of the 
parents of naturally occurring hy 
brid tree frog+, and of the original 
parents of hybridogenetic lizard47 
and frog specie@. 
While the use of mitochondrial 
DNA and the similarly clonally in- 
herited Y-chromosome markers is 
proving valuable to studies of gen- 
etic interactions between species, 
the data obtained concerning the 
relative mating propensities of the 
sexes in hybridizing populations 
may well improve our understand- 
ing of some of the problems of 
sexual selection. 
Practical aspects 
The application of DNA tech- 
nology would be perceived as ex- 
pensive by most ecologists, but the 
scientific value added to a project 
by good data on genetic relation- 
ships will often more than justify 
this expense. The major direct cost 
is labour, but consumables are also 
expensive; a trained technician 
would probably produce up to 
1000 DNA fingerprints per year, 
using about E5000 ($9000) worth of 
consumables. Many samples may 
also need to be run more than 
once, for example during evalu- 
ation of the system and if a single 
probe/enzyme combination should 
prove inadequate. The need for ac- 
cess to expertise and an expensive 
set of equipment makes collab- 
oration with a molecular biological 
143 
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laboratory virtually essential. In 
many long-term studies it may pay 
dividends in the future if blood 
samples are collected and storedI 
when animals are routinely trapped 
and marked. This will allow the 
selection of the best data sets for 
future retrospective analyses. 
The future 
Multilocus DNA fingerprinting 
in humans is already giving way 
to the simpler and more powerful 
use of locus-specific minisatellite 
probes49 (which detect only two 
alleles at a time), which in turn 
are opening the way for the appli- 
cation of polymerase chain reaction 
technology50. As minisatellite loci 
are unlikely to be closely associ- 
ated with coding sequences and 
are likely to be rapidly evolving, 
locus-specific minisatellite probes 
are unlikely to be of much utility in 
species other than the one of ori- 
gin. These probes are at present 
difficult to isolate and multilocus 
analysis seems likely to remain the 
method of choice for species of 
little commercial importance. No 
immediate fundamental simplifica- 
tion of the methods is therefore 
anticipated, though potentially 
valuable modifications and inno- 
vations are starting to appear5r-54. 
In many laboratory situations, 
the use of electrophoretic markers 
and colour polymorphisms will con- 
tinue to provide the methods 
of choice55-57. DNA fingerprinting 
seems likely to be a valuable tool 
for the monitoring of pedigrees and 
the maximization of outbreeding in 
zoo populations. 
The impetus of the new genetic 
methods, which are already being 
applied in many laboratories 
worldwide, will shortly lead to 
many new and valuable insights 
into animal behaviour. Perhaps one 
of the most pleasing trends to 
come out of this activity will be the 
bridging of the growing gulf be- 
tween those who focus on whole 
organisms and those with more re- 
ductionist interests. 
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